The recently emerged metallic-cavity nanolasers have opened a new phase of miniaturization of semiconductor lasers down to sub-wavelength scale. This new type of semiconductor lasers is suitable for many low-power applications due to its small size, tight optical confinement and good heat dissipation. However, there are major technical challenges in the fabrication of such nanolasers that must be overcome to make high-quality devices with high yield needed for practical applications. Here we will discuss several fabrication issues that are critical to the device performance. These issues, including device patterning, pillar etching, surface passivation and metal deposition, will determine both optical and electrical properties, especially the lifetime, threshold, and efficiency of a nanolaser.
Introduction
The 50 years of semiconductor laser development have in many respects resulted in dramatic progress of lasers, including power levels, efficiency, wavelength ranges, lifetime, and overall performance. Continuing device miniaturization has been an important part of this development. When room temperature continuous wave (CW) operation of diode lasers was first demonstrated in the late 1960s and early 1970s [1] , the typical size of a diode laser was around hundreds of microns to millimeters. In the years that followed, various novel cavity concepts were proposed and these have enabled the development of microlasers with sizes on the order of microns. These include vertical cavity surface emitting laser (VCSEL) [2] , micro-disc laser [3] and photonic crystal laser [4, 5] . Behind this constant drive for device miniaturization is the need for a small coherent light source for many lowpower applications. For example, the future on-chip or off-chip optical interconnects require a power consumption as low as 1 Author to whom any correspondence should be addressed. 10∼100 fJ/bit to be competitive with electrical interconnects [6] . Low-power consumption of 108 fJ/bit at 40 Gb s −1 has been demonstrated in a 850 nm VCSEL [7] . Obviously, further device miniaturization is necessary to reduce the power consumption so as to meet the requirement of future optical interconnects. In addition to optical interconnects, future integrated photonic circuits and other nanophotonic systems also require a small coherent light source, where metallic nanolasers could have a wide range of potential applications due to their ultra-small size. Such lasers can also play a role in on-chip chemical detection and sensing. Strongly localized laser sources could be important for bio and other fluorescent detections such as single molecular imaging. Another promising application is heat-assisted magnetic recording [8, 9] in which the laser beam size needs to be shrunk down to tens of nanometers. Nanolasers with controlled polarization can form a laser array for particle trapping or highresolution imaging [10] .
The history of metallic-cavity nanolasers is a relatively short one, but the progress has been very rapid. The subject is a result of increasing interest in plasmonic excitations in metallic nanostructures and the need for ever smaller semiconductor lasers. The possibility of a nanoscale emitter with a metallic structure was first suggested by Bergman and Stockman through surface plasmon amplification by stimulated emission of radiation (SPASER) [11] . Rather than emitting photons, the excited medium such as two-level atoms would transfer their energy to plasmons in a metal in close proximity without the emission of photons. Even though coherence of dark-plasmons has so far not been measured directly, the light emission properties have been studied in several experiments [12, 13] . While detailed physics processes in a SPASER are yet to be fully understood and SPASERs are technically different from other nanolasers, both of them share the same goal of achieving the ultimate small size coherent sources. The key difference of a metallic-cavity nanolaser from the SPASER is that in general direct photon emission is involved in the former, while coherent plasmon modes are generated in the latter, upon the energy transfer from an excited gain medium (see [14] for a more detailed explanation of the difference). As shown in [15] , there is a continuum transition from a nanolaser with metallic cavity, to surface plasmon polariton (SPP) laser, to SPASER when the plasmonic resonance is approached. Aimed at the reduction of the size of traditional semiconductor lasers, it was firstly proposed in 2007 [16] that the semiconductor-metal core-shell structure nanolasers [17] could be a new strategy to further shrink the semiconductor laser size down to deep sub-wavelength scale. By using a metallic cell [17, 18] or taking advantage of surface plasmon of a metallic structure [12, 13] , optical field can be strongly confined in a small area with a deep sub-wavelength scale. More importantly, such confinement is not restricted by the diffraction limit which is the fundamental road block for the size reduction of a pure dielectric laser [14] . Hill et al [18] have demonstrated lasing around 1.4 μm in a metallic FabryPerot cavity with a core width only 90 nm which is about one quarter of the lasing wavelength in the waveguide core, far below the diffraction limit. The development of this field is finally culminated to the recent demonstration of the first CW operation of an electrical injection nanolaser at room temperature under electrical injection [19] . To implement the nanolaser in integrated photonic systems, coupling with optical components is a prerequisite. The designs of such integration have been proposed [20] [21] [22] . A more recent review about the development and current status of metallic-cavity nanolasers can be found in [22] , which includes also discussions about nanolaser integration with waveguides.
In this paper, we will first discuss certain general advantages of metallic-cavity nanolasers for the proposed applications in comparison with traditional pure dielectric lasers. Then we will focus on the fabrication challenges of metallic nanolasers, especially for those with electrical injection. In recent years, research in resolving these challenges has successfully allowed the improvement of the CW operation temperature of our nanolasers from liquid nitrogen temperature [18] , to 260 K [23] and to room temperature [19] . Recently, we demonstrated record CW lasing performance at room temperature [24] . Resolving various challenges in the nano-fabrication of metallic-cavity nanolasers has been the key in the steady progress towards final room temperature operation. We will discuss several fabrication steps that are critical to the final performance of a metallic-cavity nanolaser with electrical injection.
Comparisons of metallic cavities and pure dielectric cavities
While rapid progress has been made in metallic-cavity nanolasers, continued concerns about such lasers remain in the wider community. While a comprehensive assessment of the metallic-cavity lasers would be beyond the scope of this paper, we will illustrate some aspects of such lasers in the following. To compare with the more traditional semiconductor lasers and to access the merits of such a laser, we will compare a metallic nanocavity with a pure dielectric nanocavity on several important aspects of device characteristic using following examples, including the Q-factor and optical field confinement or spreading. As will become clear, our results show that metallic nanocavities are superior to the pure dielectric cavities. These features make metallic-cavity lasers the preferred choice when extreme miniaturization and very high-density integration are desired.
Q-factor
Let us first look into the Q-factor of micro-or nano-disc cavities, which are an important component for integrated micro or nanophotonics [25] . Figure 1(a) shows the electrical field (E z component) of the whispering gallery mode with resonant wavelength around 1.55 μm in a pure dielectric nano-disc (ε = 12) with different diameters. The Q-factor of whispering gallery mode in a relatively large nano-disc (R = 700 nm) can be rather large (52 884). However, Q-factor drops dramatically when the radius decreases, to a mere value of 92 for a nano-disc with 350 nm radius. If we coat the side of a dielectric nano-disc with silver (with dielectric functions given in [26] ) as shown in figure 1(b) , the cavity Q-factor around 1.55 μm wavelength from simulation is maintained at a reasonable value (326) even when its radius reduces to 150 nm, much smaller than the smallest dielectric disc in figure 1(a) . The lasing threshold gain for such Q-factor is estimated to be around 450 cm −1 and achievable at room temperature for common III-V semiconductors. In either case of figures 1(a) and (b), modes with resonances near wavelengths around 1.55 μm are chosen for a fair comparison. The Q-factors of the two types of cavities around 1.55 μm wavelength are plotted as a function of disc radius for a more direct comparison. The dependence of Q-factor on diameter can be understood by the relative change of radiation versus absorption losses in two cavities. For relatively large discs (radius >500 nm), the metallic cavity will have a much lower Q-factor than a dielectric cavity due to the intrinsic ohmic loss in metal and good modal confinement (less radiation loss) in the dielectric cavity. As the radius decreases, the radiation loss of a pure dielectric cavity becomes significant and the Q-factor drops dramatically. However, optical field is always strongly confined within the metal shell in a metallic cavity, thus eliminating the radiation loss. Therefore, even Comparison of modes in a pure dielectric disc cavity and in a dielectric cavity coated by silver. Modes are chosen in both cases for comparison with resonance wavelengths near 1.5 μm. Electric field (E z , Z direction is perpendicular to the paper, as indicated) of the optical modes in (a) pure dielectric nano-discs (ε = 12) (b) dielectric nano-discs with a silver coated shell. (c) Q-factors of the optical modes (shown in (a) and (b)) in the two types of cavities as a function of radius of dielectric disc or dielectric core of the core-shell structure.
for small discs with a size approaching the diffraction limit (λ/2n), metallic cavities can still maintain a reasonable Q value. Though a metallic nanocavity cannot be a high Q cavity, which is determined by the intrinsic metal loss, it is possibly the only option for building a laser with a deep-sub-wavelength physical size.
Optical field spatial spreading and cross talking
Two dielectric optical components, such as lasers and waveguides, can be coupled through their evanescent fields when the distance between them is too small. Such cross talking induced by this evanescent coupling is one important factor affecting high-density integration of the future chipscale integrated photonic systems. Let us use the comparison of two types of discs from figure 1 with similar sizes as an example. Figure 2 shows the overlay of the electric field of two R = 340 nm metallic discs and two R = 350 nm dielectric discs (whose mode patterns are shown in figures 1(a) and (b)). The centers of two discs are separated by 1.3 μm. Electrical field is plotted along a line connecting the centers. The dielectric disc has a strong evanescent field outside the cavity and we can see a significant overlap of their optical field which will lead to a strong coupling between these two discs. In contrast, the metallic disc can confine the field inside the cavity with only a few tens of nanometers penetration into metal. Therefore, we can place two metallic optical components as close as physically possible without significant crosstalk, thus enabling high-density integration.
Fabrication challenges of metallic cavity semiconductor nanolasers
Theoretical studies have predicted numerous attractive properties of metallic-cavity nanolasers, such as ultrasmall physical volume [27] , special polarization [10] , fast modulation [28] [29] [30] and low threshold even at room temperature [31, 32] . However, the realization of these unique properties depends to a very large degree on the ability to fabricate such nanolasers with high precision. Such precise fabrication is extremely challenging. Usually, the real device performance will fall far short of what is expected. Due to the small size of devices and the required precision, any fabrication error could degrade an already small cavity Q-factor significantly and increase threshold beyond the optical gain achievable in typical semiconductors. Compared to optically pumped nanolasers, nanolasers with electrical injection are much more complex in both device structure and fabrication. Figure 3 shows the structure of a typical electrical injection metallic-cavity nanolaser with a cylindrical cavity that supports TE 01 mode [10] . Here we will use this nanolaser as an example to discuss several fabrication steps that are most critical to device performance. All those fabrication steps will strongly affect two major issues: cavity Q-factor and surface recombination (SR) of semiconductors. A detailed fabrication process can be found in the supplementary information of [19] .
Electron beam lithography
Due to the small footprint of nanolaser, electron beam lithography (EBL) is used in research to define the device pattern. Due to the large surface area/volume ratio in such small lasers, optical loss induced by scattering at the dielectric/metal interface [33] can be significant. Scattering is particularly crucial in narrow waveguide devices supporting the plasmonic mode where optical field is strongly localized in the thin dielectric layer between semiconductor and metal or semiconductor/metal interface. Therefore smooth pattern edges from EBL patterning are crucial in reducing optical scattering loss and improving the cavity Q-factor.
In our initial generation of nanolasers, PMMA/metal liftoff process is employed with EBL to define device pattern (shown in figure 4(a) ). PMMA is a positive tone resist, and exposed resist will be washed away after development. Then a 50 nm chromium mask is fabricated through metal evaporation and lift-off process. The drawback of this process is the intrinsic deficiency associated within the metal liftoff process, which introduces extra roughness at the metal boundary and later to the device cavity. In the latest generation of nanolasers, we changed to hydrogen silsesquioxane (HSQ) resist to improve pattern edge smoothness. HSQ is a highresolution resist capable of defining patterns as narrow as 10 nm [34] . HSQ resist has a smaller molecular size and its pattern edge roughness can be under 2 nm [35] , significantly smaller than that produced by the polymer based resists such as PMMA and ZEP. More importantly, HSQ is a negative tone resist, so the HSQ EBL process (as shown in figure 4(b) ) eliminates the need for metal lift-off process to reverse resist pattern to metal. A comparison between patterns created by PMMA/metal lift-off process and HSQ resist is shown in figures 4(c) and (d). As we can see clearly, the pattern defined by HSQ EBL has much smoother edges than by PMMA EBL and metal lift-off.
Pillar etching
In our fabrication of metallic-cavity nanolasers, we use inductively coupled plasma reactive ion etching (ICP-RIE) to etch the InP/InGaAs/InP pillar. Due to various non-ideal factors (e.g. SiO 2 mask erosion [36] ) in the dry etching process, the sidewall of the InP/InGaAs/InP pillar is not perfectly vertical in general and will tilt at a small angle as shown in figure 5(a) . The effects of such side wall tilting can be examined through the finite-difference time-domain simulation. Figure 5(b) shows the simulated Q-factor as a function of sidewall tilting angle for the TE 01 mode in a circular metallic-cavity nanolaser with radius of 230 and 30 nm SiN layer. A side wall tilting, even as small as 2
• (see the inset of figure 5(b) ), can fatally degrade device cavity Q by a factor of 5. Such Q-degradation imposes strict precision requirement on pillar etching. To understand the degradation of Q-factor, the optical field intensity (|E| 2 ) in the cavities is shown in figures 5(c) and (d). When the sidewall is perfectly vertical (θ = 0, figure 5(c) ), the optical field is well confined in the InGaAs layer. However, if the sidewall is tilted by 2
• (θ = 2, figure 5(d) ), the optical field will significantly leak into the bottom InP cladding layer, leading to a large radiation loss and a severe degradation in cavity Q-factor. In actual fabrication, it is always important to perform several ICP etching runs on test samples before etching the real sample to optimize the processing parameters so as to minimize the sidewall tilting angle to within 1
• . Figure 5 (e) shows an example of ICP etched pillar. The sidewall is quite straight till the very bottom part of InP section.
SiN thickness and surface passivation
SiN plays multiple roles in our nanolaser design: first as electric insulating layer in electrical injected devices and second as passivation layer to passivate the surface of semiconductor pillar [37] . The third role, less mentioned in literature but very important, is as the barrier layer to prevent diffusion of metal atoms into semiconductor gain region [38] . In addition, the thickness of SiN has several conflicting consequences on the overall device performance and careful trade-off has to be made in the design and fabrication.
It has been proposed [31] that the thickness of the low index dielectric layer can be optimized to reduce the threshold gain of a metallic nanocavity, and experimental demonstration has been reported [32] . Figure 6 (a) shows our simulation results for the TE 01 mode in a cylindrical metallic cavity with different SiN (index of refraction, n∼1.9) thickness. Here we use the silver optical constants from a Lorentzian fitting [39] to the data of Dold and Mecke [40] and Winsemius et al [41] (a) ( b) Figure 7 . Real (a) and imaginary (b) parts of the silver dielectric constant obtained by different groups as indicated. The red lines are Lorentzian fitting according to [39] .
as shown in figure 7 . We will explain the reason of using this set of silver data instead of Johnson and Christy's [26] in a later section. In this simulation, we also change the radius of the semiconductor pillar accordingly (∼200 nm) to keep the resonant wavelength around 1.55 μm. As we can see from the upper panel of figure 6 (a), the cavity Q-factor first increases with SiN layer thickness since a thicker SiN layer can further isolate the optical field from the lossy metal, thus reducing the metal loss of the cavity. Q-factor drops when the SiN layer is thicker than 120 nm due to the increased radiation loss through the cavity bottom aperture. The laser threshold is inversely proportional to the product of Q-factor and energy confinement factor [42] . It is obvious that the confinement factor decreases with SiN layer thickness (figure 6(a), upper panel) and this decrease together with the increase of Q-factor results in a maximum of Q product at 120 nm (figure 6(a), lower panel). The maximum value of Q product is 169, corresponding to a threshold material gain of 959 cm
, which is achievable for InGaAs material at room temperature.
Following the result of such simulation, we fabricated a series of cylindrical nanolasers with 120 nm SiN layer and varying semiconductor pillar radius around 200 nm. However, we only achieved CW lasing at 78 K [10] . Besides the possible worsened heat dissipation, another important reason is the deterioration of SR with increasing thickness of SiN layer. The SR velocity (SRV) in InGaAs is 1-2 × 10 5 cm s −1 in general [43] without good passivation. The SR lifetime in a circular nanolaser with a 200 nm radius is estimated to be 0.1-0.05 ns accordingly, much shorter than the spontaneous emission lifetime in bulk InGaAs material. A large proportion of threshold current for a nanolaser is consumed by the SR [24] . In figure 6(b) , we plot the SRV from devices with different SiN thicknesses from our previous fabrication runs (black solid squares). Those SRVs are extracted through the rate equation fitting at 200 K and extrapolated to room temperature using
, T is the ambient temperature in kelvin). This increased SRV with SiN thickness can be attributed to two possible reasons. One is surface damage induced by plasma enhanced chemical vapor deposition (PECVD) of SiN during which InP/InGaAs semiconductors are subjected to ion bombardment and preferential loss of As and P [45] . The other is thermal stress accumulated in thick SiN layer during the following thermal fabrication steps, due to different thermal expansion coefficients of SiN and InGaAs (3.3 × 10 −6 • C −1 for SiN and 5.7 × 10 −6 • C −1 for InGaAs, respectively). To summarize, the choice of SiN layer thickness is a very delicate issue in the design of a metallic nanocavity and different aspects of device performance need to be taken into account in a comprehensive manner, including cavity Qfactor, SR, thermal mismatch and stress, and heat dissipation.
Our recent design optimization and fabrication [24] suggests that 30 nm was likely a good trade-off. This design has led to the room temperature operation of a sub-wavelength metallic-cavity nanolaser under electrical injection with some of the currently best operation characteristics. We were able to improve semiconductor surface quality and reduce SR. Following the trends of the past SRV (three black squares in figure 6(b) ), the SRV for 30 nm SiN should fall between the two dashed lines. But the SRV of our new device (red solid circle) is below this expected band (blue bar), indicating an improvement in surface quality. To study the effects of each processing step to the SR, we carried out specifically designed experiments [46] . An InGaAs/InP grating structure shown in figure 8(a) is fabricated using EBL the CH 4 /H 2 dry etching, which is the same method used for our nanolasers. The total grating area is 200 × 200 μm 2 , with period of 1 μm and pillar width at 200 nm. The height of the pillar is around 1.3 μm, similar to the height of nanolaser pillar. Figure 8(b) shows an electron microscope image of fabricated grating. We performed photoluminescence (PL) measurement on this grating structure using a 632 nm laser. Due to the small width of etch pillar, its PL intensity will be strongly influenced by SR and increases with reducing SRV [47] . The PL intensity after each process step is plotted in figure 8(c) . Initially, the un-etched wafer (step 1) shows strong PL emission, as a result of good material quality. After dry etching (step 2), PL intensity from the grating structure drops to about half. We used O 2 plasma treatment to oxidize the semiconductor surface (step 3), and the PL intensity drops to nearly zero afterwards. The large amount of surface states on the oxidized surface trapped the photo-generated carriers and led to nonradiative recombination, resulting in weak PL emission. • C for 60 s.
After removing the oxidized surface layer along with the surface damage created during the dry etching in dilute phosphoric acid (step 4), PL intensity is restored. After the deposition of 30 nm SiN layer on the surface via PECVD (step 5, first 8 nm at 30
• C and another 22 nm at 200
• C), PL intensity drops to a low level again but recovers after a rapid thermal annealing (RTA) at 400
• C for 60 s (step 6). The final PL intensity is close to the level of the original bulk material before etching. Our systematic experiments indicate that the surface cleaning cycle (O 2 plasma and dilute phosphoric acid treatment) can effectively remove the dry etching damage on pillar surface. The proper RTA after SiN deposition can recover the surface damage induced during PECVD deposition of SiN, or even help SiN-passivation of the semiconductor surface. In our fabrication, we performed the cleaning cycle multiple times to make sure the dry etching induced surface damage is thoroughly removed, thus leading to improved surface quality. We believe that further improvements in design and surface passivation (e.g. using a buried active region grown by epitaxial regrowth [48] ) would lead to a better device performance.
Silver quality
Given that ohmic loss in metal is a major loss source in metallic cavities, silver quality has significant influence on the final device performance. Measured dielectric constant of silver, especially its imaginary part, varies widely in literature as shown in figures 9(a) and (b), possibly as a result of various deposition techniques and the varying quality of silver. This difference in silver dielectric constant can strongly affect the optical properties of silver-dielectric composite. In figure 9 (c) the silver absorption coefficient is calculated using α = 4π k/λ, where k is the imaginary part of silver refractive index. In figure 9(d) , the propagation loss of a surface plasmon wave at the silver-semiconductor interface is calculated by
, where ε m is the dielectric constant of silver and ε s is dielectric constant of semiconductor which we set to 12, a representative value for common III-V semiconductors. To further investigate the influence of different silver dielectric constants on the optical property of a metallic nanocavity, we calculate the Q-factor for the TE 01 mode with these four sets of data for silver. As we can see in figure 10(a) , the Q-factor strongly depends on the specific silver data used. In our experiments, we found that a Lorentzian fitting to the data of Dold and Mecke [40] and Winsemius et al [41] (as shown in figure 7) , gives us the best match with experimental results. Therefore, we used this set of silver data for actual device design.
The large variation of silver dielectric constant in literature could be a result of different deposition techniques used for silver deposition. Therefore it is extremely important to pay attention to the silver deposition and optimize the deposition process to improve silver quality. Our study shows that improving silver grain size is likely an important factor in reducing loss in silver. The dielectric constant of metals is usually described by the Drude model:
where ω p = 4π ne 2 m e is the plasma frequency and γ is the electron damping rate in metal and will determine the imaginary part of silver dielectric constant. We found that the Q-factor of the TE 01 mode in a metallic cavity is roughly proportional to inversed γ as shown in figure 10(a) . The smaller γ is, the smaller the silver loss.
Generally γ can be divided into three parts: electronelectron collision, electron-phonon collision and electron collisions at defects and metal grain boundaries [50] or γ = γ ee + γ ep + γ ed . The last term γ ed is related to metal crystal quality and grain size. Even though there is no separate value for the γ ed published in literature, it is easy to imagine that the variation of γ ed is significant. The values of reported imaginary part of silver permittivity vary quite widely in the literature from the smallest of ∼3.4 (at 1.5 μm wavelength) by Johnson and Christy [26] to ∼11.10 reported by Winsemius et al [41] . Since γ ee and γ ep are more intrinsic properties of metal such as band structure, Fermi level, electron density and temperature, such large variation can only be attributed to the difference in γ ed , or metal crystal quality and grain size. Thus, silver loss can be reduced by improving silver crystal quality and grain size which will lead to reduced γ ed and γ .
A more direct measurement of the grain size effect on metal loss is reported by Kuttge et al [51] . They measured the SPP propagation length on quality of gold: single crystal, gold films with 80 nm grain size and 20 nm grain size. At 700 nm wavelength, SPP propagation lengths on single crystal, 80 nm grain size, 20 nm grain size gold are 74 μm, 18 μm, 3.6 μm, respectively, strongly depending on metal crystal quality and grain size. Since the propagation length is directly related to the metal ohmic loss, it is quite clear that metal ohmic loss can be reduced by improving metal crystal quality and grain size. Though Kuttge's experiment was performed on gold at shorter wavelength (600∼750 nm), the same mechanism is also applicable to silver at longer wavelengths. The loss mechanisms in silver discussed above are generally related to the ohmic loss and appear as metal absorption. There is another aspect of loss that is related to the grains of silver, which is the scattering loss of optical field at the grain boundaries. Such scattering loss depends on the relative sizes of the grains compared to the effective wavelength. When the grain sizes are much smaller than the wavelength, the smaller are the grain sizes, the less the loss. However, since the grain sizes in our case are comparable to the effective wavelength, photon scatterings decrease with increasing grain size. This is why larger grain size will also lead to less optical scattering loss. Experimental study [52] also showed that the inner face of large grain silver deposited on silicon nitride is quite flat and smooth, which can lead to reduced optical scattering loss.
In our fabrication, we optimized our silver deposition process, mainly the deposition rate (∼4 nm s −1
) and the post annealing process (400
• C for 60 s). We have been able to obtain silver with grain size up to 1 μm in thermally evaporated film of 1 μm thickness as shown in figure 10(b) . Such silver grain size is already comparable with device dimensions and lasing wavelength. Plasmonic nanolasers with single-crystal silver film have been reported recently [53] , showing reduced threshold. Such epitaxial grown silver provides a new approach to high-quality silver and may lead better device performance in the future.
Conclusion
Metallic-cavity nanolasers have many appealing advantages compared to traditional semiconductor lasers with pure dielectric cavities, such as small volume, tight light confinement, and good heat dissipation, which makes this novel type of lasers a promising candidate for many low-power applications. However, despite intensive research worldwide in recent years, the final implementation of metallic nanolasers in practical applications remains uncertain and a longterm goal. One of the important properties of any laser is the coherence properties, including spatial and temporal coherence properties. Such properties remain to be measured for metallic-cavity nanolasers including the measurement of the first-and second-order correlation functions. Generally speaking, the strong confinement in a small cavity will lead to a large fraction of spontaneous emission funneled to the lasing modes. Intuitively, a large spontaneous emission (even nearunity [54] ) factor will lead to poorer coherence of laser output, as is the case for the other non-metallic-cavity nanolasers [55] . But the real picture of coherence properties of nanolasers and the transition from nonlasing to lasing state is much more complicated due to the small system size [15] , as was discussed more recently [56, 57] . Room temperature CW operation under electrical injection has only been demonstrated on relatively large sub-wavelength devices [19, 24] , not yet deep sub-wavelength in size, even though much smaller sizes are predicated as possible [27] . Obviously, precise and repeatable nano-fabrication is still the major hurdle. First, the fabrication needs to be precise enough to minimize extra cavity losses, including scattering loss due to surface roughness and radiative loss due to tilted sidewall. Second, crystal quality of thermally deposited silver needs to be improved. Currently, we often observe a silver loss several times higher than the reported value in [26] , and we believe this is the main reason that the performance of current devices is still short of the theoretical prediction. In this regard, the single-crystal silver as demonstrated in a laser situation recently showed promise of improving device performance [53] . Last, but not the least, semiconductor surface states need to be well passivated to reduce SR. Our current surface cleaning and SiN-passivation process can offer a fairly low SR but is still far from ideal. Buried active region by epitaxial regrowth, which presents a different set of challenges of its own, could be an alternative solution for low SR. Another possibility is the use of wide-gap semiconductors such as in an InGaAs/AlGaAs heterostructure as proposed in a recent design study [27] , instead of dielectric layers. Additional advantages of such pure semiconductorbased design without any oxides or other dielectrics include the possibility of full-epitaxy growth without post-growth thermal deposition and better heat conduction of wide-gap semiconductors than dielectrics. Potential problems with such a pure semiconductor-based approach include possible metal diffusion into active region. In some cases, dielectric layers might be unavoidable. Dielectric layer is a delicate issue in device design and fabrication, since it affects many aspects of device performance, including SR, cavity Q-factor and heat dissipation.
Even though none of those obstacles is insurmountable, significant efforts are required before such metallic-cavity nanolasers could meet requirements of real-world applications. Currently, our room temperature CW nanolaser shows a relatively high threshold current at 1.1 mA [24] due to the relatively low Q-factor of a couple of hundred and SR. Such high threshold is definitely not yet suited for high energy efficiency applications such as on-chip interconnects, where power and heat dissipation budget is very critical. Significant improvement in device performance is expected if those fabrication issues can be well addressed. Our simulation showed that if we can reduce our silver loss to the reported value in [26] and SR can be minimized, the threshold current can be reduced down to about 40 μA. We believe, as fabrication technology evolves and novel designs emerge, metalliccavity nanolasers with good or superior device performance required for practical applications will soon be on the horizon, especially in the near infrared wavelength regimes important for communications.
